ABSTRACT Wolbachia symbionts are obligate intracellular bacteria that cause host reproductive alterations in many arthropods and Þlarial nematodes. We identiÞed Wolbachia symbionts in the cliff swallow bug (Oeciacus vicarious Horvath) and the human bed bug (Cimex lectularius L.) (Hemiptera: Cimicidae) by polymerase chain reaction (PCR) ampliÞcation and sequencing using WolbachiaspeciÞc 16S rDNA and FtsZ primers. Phylogenetic analyses using Bayesian, maximum likelihood, and maximum parsimony algorithms indicated, with strong support, that (1) Wolbachia infections in these two cimicid hosts form a monophyletic group, and (2) the Wolbachia strains detected belong to the F clade, previously associated with termites, weevils, and Þlarial nematodes.
Wolbachia are maternally inherited bacterial endosymbionts in the ␣ proteobacteria. They have a wide host range (infecting insects, terrestrial crustaceans, arachnids, and Þlarial nematodes) and are associated with diverse alterations in host reproductive biology. There are six major Wolbachia clades or "supergroups" (AÐF) based on phylogenetic clustering of FtsZ gene sequences (Lo et al. 2002) . A, B, and E infect diverse arthropods, and C and D infect nematodes (Stouthamer et al. 1999 , Vandekerckhove et al. 1999 . The F clade has a broader host range than the other groups and has been detected infecting both arthropods and nematodes (Lo et al. 2002) .
Insects in the family Cimicidae are obligatory hematophagous ectoparasites of birds, bats, and humans. Four decades ago, Wolbachia-like bacterial inclusions were observed by microscopy in several cimicid species (Usinger 1966) . More recently, Wolbachia infection was detected by PCR in the human bed bug (Cimex lectularius L.). However, the phylogenetic placement of this Wolbachia symbiont was not investigated (Hypsa and Aksoy 1997) . In this study, we used molecular methods to identify and phylogenetically characterize the Wolbachia infecting C. lectularius and Oeciacus vicarius Horvath (the cliff swallow bug). We sequenced several bacterial nuclear genes and used sequence data to examine phylogenetic relationships of Wolbachia strains infecting these cimicids compared with representative members of all six recognized Wolbachia supergroups.
Materials and Methods
Insects Examined. Adult O. vicarius were obtained from abandoned cliff swallow nests collected underneath a bridge located ϳ2 mi north of Davis, CA (Yolo Co.; 38Њ36Ј0.17Љ N; 121Њ51Ј31.47Љ W) in September 2000. Nests were brought back to the University of California at Davis (UCD) and broken into small pieces, and O. vicarius were picked out of the debris. O. vicarius were stored at Ϫ80ЊC until processed for DNA extraction. Adult C. lectularius were obtained from the National Institutes of Health human bed bug colony, which has been in colony for Ͼ10 yr (J. Valenzuela, personal communication). Insects were transported live to UCD, killed at Ϫ80ЊC, and stored at that temperature until processed for DNA extraction. We did not attempt to sex insects. DNA Extraction. Oeciacus vicarius and C. lectularius genomic DNA was extracted with DNEasy spin columns (Qiagen, Valencia, CA). Individual bugs were homogenized in 200 l PBS, and DNA was extracted using the manufacturerÕs suggested protocol for cultured cells. Genomic DNA was eluted using the manufacturerÕs provided buffer and stored at Ϫ20ЊC until used for PCR ampliÞcation.
PCR Amplification and Sequencing. All PCR ampliÞcation was performed using a Perkin-Elmer GeneAmp 9700 thermocycler (PE Applied Biosystems, Foster City, CA). PCR ampliÞcation of Wolbachia 16S rDNA, and FtsZ sequences was car-ried out using previously described primers and conditions (OÕNeill et al. 1992 , Holden et al. 1993 . Infected colony specimens of Culex pipiens (LIN strain) (Rasgon and Scott 2003) were included in all reactions as positive controls. A sample containing deionized water in place of template DNA was included in all reactions as a negative control. Readyto-go (RTG) PCR beads (Amersham-Pharmacia Biotech, Piscataway, NJ) were used for all reactions. For sequencing, ampliÞed PCR fragments were separated by agarose gel electrophoresis, puriÞed with Qiaquick PCR puriÞcation spin columns (Qiagen), and directly sequenced in both directions on an ABI Prism 377 DNA sequencer with BigDye chemistry (Perkin-Elmer Applied Biosystems, Foster City, CA).
Phylogenetic Analysis. Homology searches of the GenBank database for obtained sequences were performed using the Basic Local Alignment Search Tool (BLAST). Retrieved sequences were aligned with manual correction using Clustal X (Thompson et al. 1997) . As analyses of individual 16S and FtsZ data sets gave qualitatively similar results (data not shown), we combined both data for greater resolution. Phylogenetic analyses were conducted using Bayesian, maximum likelihood (ML), and maximum parsimony (MP) methods. For Bayesian and ML analyses, the GTRϩIϩG model was selected as the most appropriate evolutionary model of DNA substitution using Modeltest v. 3.06 (Posada and Crandall 1998) . ML and MP analyses were carried out using PAUP* v. 4.01b 10 (Swofford 1998). Tree support was evaluated by bootstrapping (1,000 replications). Bayesian analyses were conducted using MrBayes v. 3.0 (Huelsenbeck and Ronquist 2001) . We ran simulations for 500,000 generations, sampling every 10 generations, for a total of 50,000 trees. The Þrst 40,000 trees were considered the burn-in and were discarded. We constructed a 50% majority-rule consensus tree from the remaining 10,000 trees.
Results and Discussion
Using Wolbachia-speciÞc 16S rDNA primers (OÕNeill et al. 1992) , we successfully ampliÞed an 850-bp fragment from DNA extracted from whole O. vicarius (n ϭ 10/10) and an 806-bp fragment from C. lectularius (n ϭ 3/3). Using general primers for a portion of the Wolbachia FtsZ gene (Holden et al. 1993) , we were able to successfully amplify a 721-bp fragment from O. vicarius (n ϭ 5/5) and a 735-bp fragment from C. lectularius (n ϭ 3/3).
FtsZ and 16S PCR fragments were puriÞed and directly sequenced. For both 16S and FtsZ fragments, all sequences within species were identical. There were no ambiguous peaks to suggest the presence of multiple Wolbachia strains in either species. GenBank homology searches of 16S and FtsZ sequences indicated that the symbionts of both O. vicarius and C. lectularius were most closely related to the Wolbachia symbiont of Kalotermes flavicollis, a termite (16S: both 99% homology, FtsZ: both 97% homology).
The two strains were closely related to one another (16S: 99% homology, FtsZ: 98% homology). GenBank accession numbers are listed in Table 1 .
Phylogenetic analyses using individual data sets gave similar results except that the placement of the Wolbachia symbiont of Folsomia candida (clade "E") could not be resolved with certainty (data not shown). We therefore conducted phylogenetic analysis on a combined 16S and FtsZ dataset, which included 646 bp of the 16S sequence and 508 bp of the FtsZ sequence. The alignment contained taxa from all six supergroups and two outgroup taxa (Table 1) . The total 1,154-bp alignment contained 358 variable sites, of which 233 were parsimony-informative. Wolbachia FtsZ sequences are not available for the F-group strains infecting the weevil Rhinocyllus conicus or the nematode Manzonella ozzardi. We treated these omissions as missing data in our analysis.
Trees generated by Bayesian, ML, and MP algorithms indicated general concordance with one another. Wolbachia are expected to form a monophyletic group when they have diverged dependently with hosts that are related by descent. All three analyses strongly supported the monophyly of the O. vicarius and C. lectularius symbionts (bootstrap or posterior probability support Ն 80) within the F group (Fig. 1 ) and indicate that, in these cimicids, dependent Wolbachia divergence has likely occurred. Alternatively, the two insects may share related Wolbachia strains because of horizontal transmission from one cimicid to the other. For example, infection with similar Wolbachia strains by horizontal transmission has been hypothesized in leafhoppers that acquired the symbionts by feeding on the same host plant (Mitsuhashi et al. 2002) .
Our analysis indicates that, although arthropod Wolbachia infections in the A, B, and E clades form a monophyletic group (bootstrap or posterior probability support: 55Ð97), arthropod-infecting Wolbachia (Stouthamer et al. 1999) , because the various invertebrate host groups within the F clade are not closely related. High levels of host diversity encompassing both arthropods and nematodes have not been observed for other Wolbachia supergroups and indicate that F-group Wolbachia may be more plastic in their possible host range or may have experienced more frequent horizontal transmission events during their evolutionary history than the other supergroups. Fig. 1 . Rooted phylogenetic tree of arthropod and nematode Wolbachia symbionts based on 16S and FtsZ sequences. Taxon names represent host species. Tree topology was estimated using Bayesian, ML, and MP algorithms (CI: 0.70, RI: 0.68). Each supergroup is identiÞed by a letter (AÐF). OG, outgroup. Numbers at tree nodes represent Bayesian posterior probability values (top), ML bootstrap values for 1,000 replicates (middle), and MP bootstrap values for 1,000 replicates (bottom).
